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Abstract 
Applications involving non-destructive testing or acoustical imaging are more and more sophisticated. In this context, a model 
based on the angular spectrum approach is tackled in view to calculate the focused impulse field radiated by a linear transducer 
through a plane fluid-solid interface.  
It is well known that electronic focusing, based on a cylindrical delay law, like for the classical cases (lenses, curved transducer), 
leads to an inaccurate focusing in the solid due to geometric aberrations errors affecting refraction. Generally, there is a 
significant difference between the acoustic focal distance and the geometrical focal due to refraction.  
In our work, an optimized delay law, based on the Fermat’s principle is established, particularly at an oblique incidence where 
the geometrical considerations, relatively simple in normal incidence, become quickly laborious.  
Numerical simulations of impulse field are judiciously carried out. Subsequently, the input parameters are optimally selected in 
order to achieve good computation accuracy and a high focusing.  
The overall results, involving compression and shear waves, have highlighted the focusing improvement in the solid when 
compared to the currently available approaches. Indeed, the acoustic focal distance is very close to geometrical focal distance and 
then, allows better control of the refracted angular beam profile (refraction angle, focusing depth and focal size).   
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1. Introduction 
Recently, many works have been devoted to simulate pulsed ultrasound fields and in this goal, different methods 
have been used. It has been shown that the angular spectrum approach is an efficient and accurate tool for simulating 
ultrasound propagation in liquids or solids and particularly, in immersed solids with planar interface Du et al. 
(2013), Wu et al. (1995), Zeng and McGough (2009). Indeed, the computation time is short when compared to 
numerical methods like finite element method (FEM) or finite difference method (FDM). 
In order to optimize the model of the pulsed field, in terms of accuracy and computing time, we have developed in a 
previous work Belgroune et al. (1988), a numerical method for modeling ultrasonic fields in a single liquid medium 
or through a solid-liquid interface (water-steel), for homogeneous and isotropic materials at normal or oblique 
incidence. This method is founded on the plane wave pulse spectrum, carried out by means of a double 
spatiotemporal Fourier transform at the transducer and followed by a time recomposing of each plane wave. It is 
worth noticing that the vector wave number has been transformed into the slowness vector in order to 
facilitate the calculation of the propagation time from the origin to the field point of interest. Consequently, the field 
calculation becomes a simple spatial summation of these waves. Moreover, the transition via the liquid-solid 
interface plane is easily and rigorously processed according to Snell’s laws and transmission coefficients. 
It is clear that with this approach, computations are processed without any approximation, thus it allows obtaining 
precise results with a relatively moderate computation time Belgroune et al. (1988). 
For different simulated cases and under various conditions, this model has proved its capability to identify all types 
of waves (direct waves, edge waves, sub-surface waves and head waves).  
In the present work, we extend this model to the case of focused transducers. It is known that conventional 
cylindrical focusing in the liquid leads to unsatisfactory results in the solid: a spreading of the focal spot, a focal 
depth and an angle of refraction less than those initially set by Snell-Descartes law. This is attributed to the spherical 
geometric aberrations due to the refraction Poquet and Le Barron (2002). 
Indeed, in the solid, the situation is more complicated, since the wave front, in the liquid, should be adapted so as to 
focus at a point inside the solid while taking into account the refraction phenomena at the interface. This problem 
can be solved by optimizing the delay law at the transducer front with an exact calculation of the wave travel time to 
arrive at the focal point located in the solid. This is equivalent to the focusing of a Fermat surface transducer Poquet 
and Le Barron (2002).  
2. Theoretical formulation 
Let us assume that a planar source is located in a fluid, with its axis (Ox3) forming an angle 0T  with the normal to 
the interface (fig.1a). If the pulsed normal velocity distribution );( 10 txv is known at the plane (x3=0) on the 
transducer radiating face, then the formalism of the impulse angular spectrum, associated with a fine selection of 
parameters (spatial sampling interval, temporal sampling frequency, time and space points, zero padding), leads to 
the following expressions of compression and shear waves which, in the case of plane waves,  corresponds to 
normal stress (Tn) and tangential stress (Tt) respectively in the reference frame  31 ',' xOxO cc 'R  Belgroune et al. 
(2008).  
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Fig. 1. a) Geometry of problem: plane wave path from origin O to an observation point M, 
b) Used geometry for focusing in the solid by an optimized delay law 
 
 1mT  is the transmission coefficient of the wave potential velocity related to vector slowness  mG  and 0W  is the 
wave travel time from point O, origin of the reference frame  31,OxOx R , to observation point M (fig.1a). 
Moreover, 0W  is given by:   mPMln lOOPHOP cc  ..V .VV eLe0 GG
G
W                                                                     (5) 
Where l
G
is 3
'xO c  axis unit vector, nG  is the unit vector of each plane wave in the decomposition, LV  and mc  being 
respectively the velocity and the slowness vector of the refracted wave; and  eV being the propagation velocity in the 
liquid. For compression waves,  1mT  is real and it becomes complex beyond the first critical angle. 
This formalism of pulsed angular spectrum is perfectly adapted to the case of a focused transducer. The distribution 
of the normal velocity on the transducer front is expressed as   110 ; xtxv W . The delay time  1xW  results in a 
phase variation of each monochromatic plane wave coming from the decomposition and, the remaining formalism is 
quite identical to that discussed previously Belgroune et al. (1988).  
The delay law  1xW  can be calculated in two ways, the first one use the classical geometrical acoustics and the 
second one use an optimized delay law. This latter is performed by an exact calculation of waves travel time, in the 
rays’ direction, from each transducer point to the fixed focal point F. Thus, the corresponding acoustic paths 'd and  
"d connecting each transducer point to the selected geometrical focal point. These acoustic paths are determinate 
according to geometrical considerations and the Snell’s law (fig. 1b). 
In oblique incidence, the question is more complicated to solve than in normal incidence since, symmetry is no 
longer fulfilled and the transducer axis is itself refracted (fig.1b). In this case, distances 'd  and "d  are deduced from 
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simplified geometric configuration (related to a normal incidence) and then they depend on 0'2 FO  parameter varying 
with incidence. The delays are given by the following formula: 
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d ''"'  W                                                                                                           (6) 
3. Numerical simulation and results 
Numerical simulations are carried out under the following conditions: 
x Spatial profile of the transducer is a rectangle function with a width equal to 16.2 mm, and the temporal 
signal is a cosine modulated by a Gaussian function whose center frequency is 5 MHz.  
x The density of the solid (steel) =7800 kg.m-3, compression waves velocity LV =5900 m.s-1, shear waves 
velocity TV =3200 m.s-1. The liquid is water with velocity eV =1480 m.s-1.   
x The incidence angle q 100T . The refracted axis is at an angle q 8.43rlT  and q 05.22rtT  respectively 
for compression and shear waves. The distance from the transducer center to the interface 6.12'  OO mm. 
x Position of the focus F: 41.12'2'  OO mm, 75.3'2  FO mm.  
 
All computations, for both modes, are made far from the interface comparatively to wavelengths, so evanescent 
waves have been neglected. Figure 2b shows the compression wave field in the plane '3
'
1XOX  for 10° incidence and 
3.75mm optimized focusing. We can note a noticeable improvement in the focus depth and beam direction. This 
figure shows clearly that the focus is located at the distance 75.3'3  x  mm, and q| 44rlT which agrees with the 
angle obtained from Snell’s law. The focusing occurs at time of 2.375 μs (fig.2c).  Figure 2a, obtained in the same 
conditions as in Figure 2b, but for a cylindrical focusing in water and on the transducer axis at mmOF 6.270  . It 
should theoretically correspond to a focusing in the solid equivalent to approximately 3.70 mm for a water depth of 
12.6 mm. The focus is materialized before that distance 2'3  x  mm and the field magnitude is less important, the 
focal depth and the beam orientation are significantly lower. This difference is attributed to the geometric 
aberrations affecting the refraction.  
 
 
           a            b          c 
Fig. 2. Focused field cartography (compression waves) under incidence of 10° at x3’ =3.75 mm a) cylindrical focusing, b) optimised focusing 
(peak to peak maximum of time signal), c) optimised focusing at t=2.375 μs. 
 
 
Under these same conditions (CW optimization at x3'= 3.75 mm), the shear wave SW is focused but not optimized. 
The focal zone appears at a farthest position in the vicinity of the point (x1'= 7mm and x3' = 17mm). The magnitude 
of the shear waves in their focus area is not low enough to be neglected (fig.3a). 
 D. Belgroune et al. /  Physics Procedia  70 ( 2015 )  231 – 235 235
 
For the same configuration and parameters as before (10° angled transducer with a 12.6mm water height), the 
optimization of transverse wave at x’3 = 3.75 mm is less precisely achieved than for longitudinal wave at the same 
depth. This can be explained by the fact that the transverse wave directivity pattern is not omnidirectional and has a 
main lobe located beyond the critical angle of head waves. Therefore, it is advisable to focus the transverse wave in 
the direction of the main lobe. This is the case for Figure 3b where the focusing of the SW is optimized at 44° in the 
solid with 18.73° incidence. This focusing of SW at 44° and that of CW performed under the same conditions (x3'= 
3.75 mm, fig.2b) show that in both cases the focus is optimized to the desired depth. In addition, the diameters of the 
two focal spots are comparable in both cases. Meanwhile, the length of the focal spot is slightly extended for the 
shear mode. 
4. Conclusion 
Our proposed field model based on an angular spectrum method with optimal parameters, has improved very 
significantly the results both for compression waves than shear beam. It is worst noticing that this method only 
corrects the geometric aberrations so, the focusing variations, related to diffraction particular if the desired focal 
point is not in the near field, are not be compensated.  
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Fig. 3.  Focused field cartography (shear waves) at x3' =3.75 mm (peak to peak maximum of time signal).  a) under incidence of 10°, optimised 
focusing for the LW, b) under incidence of 18.73°, optimised focusing for the SW at 44°. 
